New photometric material is presented for 6 outer disk supposedly old, Galactic star clusters: Berkeley 76, Haffner 4, Ruprecht 10, Haffner 7, Haffner 11, and Haffner 15, that are projected against the rich and complex Canis Major overdensity at 225
INTRODUCTION
The structure and evolution of the outer Galactic disk has been the subject of intense investigation in the last years (Frinchaboy et al. 2004 , Momany et al. 2006 , Carraro et al. 2007a . This is because the outer disk in the anticenter direction is less dominated by confusion than other Galactic directions, a fact which renders it easier to describe its structure, and to search for signatures of ongoing or past accretion events. The latter consist of the Monoceros Ring (Chou et al. 2010 and references therein) , and the Canis Major overdensity (Momany et al. 2004) . However, both these structures are now considered by most researchers to be caused by the warped and flared Galactic disk (López-Corredoira et al. 2007 , 2012 Carraro et al. 2008) .
Among the various tracers routinely used to probe the outer disk, Galactic open clusters offer the advantage that it is relatively easy to obtain estimates of their ages and distances, ⋆ email: gcarraro,gmarconi@eso.org, beletsky@lco.cl and that they are ubiquitous in the outer disk. This is a valid statement for both old and young open clusters, since the deficiency of old open clusters is most visible in the inner disk, due to the more difficult enviroment which prevents a cluster to survive fo a long time.
In this paper we derive basic parameters of six anticenter clusters, located in the third quadrant of the Galactic disk: Berkeley 76, Haffner 4, Ruprecht 10, Haffner 7, Haffner 11, and Haffner 15 (see Table 1 , where for each cluster we report Equatorial and Galactic coordinates, together with an estimate of the reddening at infinity in their direction). The rich fields they are projected against have been already studied in detail in Vázquez et al. (2008) , where we highlight the properties of the conspicuous young populations we detected and use it to probe the spiral structure in that quadrant. The analysis of the clusters we performed in that paper was quite preliminary, and for this reason in this paper we are going to present the data, show the photometric diagrams, provide an extensive analysis of them, and propose updated estimates of distance and age for these clusters. In a few Table 1 . Basic parameters of the clusters under investigation. Coordinates are for J2000.0. We list also equatorial coordinates in degrees (column 4 and 5), to help the reader to look at Figs. 1 and 3. The last column reports the expected reddening along the line of sight all the way to infinity according to Schlegel et al. (1998) cases, these estimates are given for the very first time.
Interestingly enough, we anticipate that these clusters turn out to be all older than 1 Gyr, except for Haffner 5, which is a young, highly obscured cluster. This constitutes quite a useful result per se, since it contributes to improve the statistics of old clusters in the Galactic disk outer regions and therefore can help to provide tighter constraints for chemical evolution models aiming at recovering the chemical history and assembly of the outer disk (Carraro et al. 2007a ).
The paper is organized as follows: In Section 1 we present the data, the observation strategy, and the extraction and calibration of the photometry. In the same Section, details are provided on the astrometry, completeness, and star count analysis. A summary of the information available in the literature for these clusters is presented in Section 2, while Section 3 introduces the basic diagrams we use to extract clusters' fundamental parameters. Finally, Section 4 summarizes the results and discusses their implications.
Observations and data reduction
The targets were observed with the Y4KCAM camera attached to the Cerro Tololo Inter-American Observatory (CTIO) 1-m telescope, operated by the SMARTS consortium † during an observation run in Nov-Dec 2005. This camera is equipped with an STA 4064×4064 CCD ‡ with 15-µm pixels, yielding a scale of 0.289 ′′ /pixel and a field-of-view (FOV) of 20 ′ ×20 ′ at the Cassegrain focus of the CTIO 1-m telescope. The CCD was operated without binning, at a nominal gain of 1.44 e − /ADU, implying a readout noise of 7 e − per quadrant (this detector is read by means of four different amplifiers).
In Table 2 we present the log of our UBVI observations, while in Fig 1 we show astrometrized images, resulting from montaging all the available exposures and filters. All observations were carried out in photometric, good-seeing (always less than 1.2 arcsec), conditions. Our UBVI instrumental photometric system was defined by the use of a standard broad-band Kitt Peak UBVI kc set of filters. § To determine the transformation from our instrumental system to the standard Johnson-Kron-Cousins system, and to correct for extinction, we observed stars in Landolt's areas Rubin 149, SA 95, TPhe, PG 0231 (Landolt 1992 ) multiple times and with different air-masses ranging from ∼ 1.03 to ∼ 2.0, and covering quite a large color range -0.3 ≤ (B − V ) ≤ 1.7 mag.
Photometric reductions
Basic calibration of the CCD frames was done using IRAF ¶ package CCDRED. For this purpose, zero exposure frames and twilight sky flats were taken every night. Photometry was then performed using the DAOPHOT/ALLSTAR stand-alone packages. Instrumental magnitudes were extracted following the point-spread function (PSF) method (Stetson 1987) . A quadratic, spatially variable, master PSF (PENNY function) was adopted, because of the large field of view of the two detectors. Aperture corrections were then determined in each image by performing aperture photometry of a suitable number (typically 10 to 20) of bright, isolated, stars in the field. Five different apertures were used, going from the small aperture used for clusters' frame reduction (4-7 pixels, depending on the cluster) to the large one used for standard stars (14 pixels). A growth curve was then built up to estimate the correction. These total corrections were found to vary from 0.160 to 0.290 mag, depending on the filter. The PSF photometry was finally aperture-corrected, filter by filter.
Photometric calibration
During the same observing run we observed the old open cluster Auner 1 (Carraro et al. 2007b) , the dwarf planet Eris ) and three Galactic fields centered on the Canis Major overdensity . In these papers we reported the photometric calibration procedure and the various color equations, which we are not going to repeat here. The reader is referred to those papers for all the details. We only remind the reader that typical total errors combining ALLSTAR errors and calibration errors (see Patat & Carraro 2001 , Appendix A1, for details) are shown in Fig 2. 
Completeness and astrometry
Completeness corrections were determined by running artificial star experiments on the data. Basically, we created several artificial images by adding artificial stars to the original frames. These stars were added at random positions, and had the same colour and luminosity distribution of the true sample. To avoid generating overcrowding, in each experiment we added up to 20% of the original number of stars. Depending on the frame, between 1000 and 5000 stars were added. In this way we have estimated that the completeness level of our photometry is better than 90% down to V and I = 20.5.
Each optical catalog was then cross-correlated with 2MASS, which resulted in a final catalog including UBVI and JHKs magnitudes. As a by-product, pixel (i.e., detector) coordinates were converted to RA and DEC for J2000.0 equinox, thus providing 2MASS-based astrometry, useful for e.g. spectroscopic follow-up. The rms of the residuals in the positions were 0.
′′ 17, which is about the astrometric precision of the 2MASS catalogue (0.
′′ 12, Skrutskie et al. 2006 ).
All the data discussed in this paper will be made availabe at the WEBDA database maintained by E. Paunzen in Vienna and at VizierR. A sample of the data is shown in Table 3 for the case of Haffner 4.
LITERATURE MATERIAL
We observed all these clusters back in 2005 and at that time no studies existed in literature on them. However, in the following years, and before the analysis presented in this paper, various studies appeared. We summarize here the basic results of these investigations. Hasegawa et al. (2008) presented CCD BVI photometry of Berkeley 76 and Haffner 4. Their photometry is typically 3-4 magnitudes shallower than the present study and rarely reaches V ∼ 19 mag. They found (see their Table 4) for Berkeley 76 an age of 1.6 Gyr for Z=0.000 metallicity, a reddening E(V-I)=0.70 and a corrected distance modulus (m-M)0 = 14.39. As for Haffner 4, they found an age of 1.3 Gyr for a metallicity value of Z=0.008, a reddening E(V-I) = 0.40 and a corrected distance modulus (m-M)0 = 13.24.
Using the 2MASS catalog, Bica & Bonatto (2005) derived estimates of the basic parameters of Haffner 11. They suggest the cluster is 0.95 Gyr old, with a reddening E(B-V) = 0.36 and a corrected distance modulus (m-M)0 = 13.60. This same cluster was later studied by Piatti et al. (2009) using photometry in the Washington system. These authors find significantly different results from Bica & Bonatto (2005) , proposing that Haffner 11 is 0.5 Gyr old, with a reddening E(B-V)= 0.57 and a corrected distance modulus (m-M)0 = 13.90. As for the other two clusters (Ruprecht 10 and Haffner 7), no studies exist in the literature to our knowledge.
CLUSTER EXISTENCE AND NATURE
Before entering into the details of the data analysis, a word of caution is in order. We are here dealing with poor stellar groups, as can be seen in the CCD images in Fig. 1 . Following Platais et al. (1998), we define as a physical group or a gravitationally bound system (at odd with a random sample of field stars), an ensemble of stars which (1) occupy a limited volume of space, (2) individually share a common space velocity, and (3) individually share the same age and chemical composition, producing distinctive sequence(s) in the Hertzsprung-Russel (H-R) diagram.
Unfortunately, we do not have kinematic information for these objects, and therefore we are going to rely on the H-R diagram and star density profiles for deciding on the nature and existence of these six stellar systems. We start with CCD images to see what the clusters look like. By inspecting Fig 1 closely , we notice that all of them stand above the field, and fall close to the center of the Y4KCAM mosaic using catalogued coordinates (Dias et al. 2002) . The only exception is Haffner 7 (mid-right image in Fig. 1 ) which we were forced to position in the upper-left corner of the detector to avoid the V = 2.40 mag η Canis Major variable star, which happens to fall less than 10 ′ from Haffner 7 center. All the clusters exhibit low density against the field, which seems to indicated they are low mass, sparse objects on the verge of dissolving into the general Galactic field.
We performed star counts on the photometric datasets to derive an estimate of clusters' radial extents. These have been calculated following the same procedure described in Seleznev et al. (2010) and Carraro & Costa (2007) . Star counts and density contour maps (see Figs. 3 and 4) confirm the visual impression of CCD images, and indeed the density of stars in the cluster's area goes from only 2 to 5 times the density in the surrounding fields, as measured away from the clusters' area (see Janes & Hoq 2011 for a similar situation). Looking at the right columns, where the radial density profiles are shown, one can appreciate how the clusters are in fact small, with radii of the order of 2-3 arcmin only. The radius has been taken at the point where star counts reach the field level, as measured in the field far away from the cluster. The adopted radii are listed in Table 4 , together with the basic parameters inferred in the next Sects. They are in agreement with the visual estimates reported in Dias et al. (2002) . We therefore conclude that all these clusters are indeed made of groups of stars spatially concentrated and standing above the general Galactic field.
Besides, looking at the middle panels of Figs. 3, where contour maps are presented, one can see how the twodimensional structure of these clusters is far from spherical. They show elongated shapes, stretched in one or more directions, and, in some cases, with more than one density peak in the cluster area. We are tempted to interpret these complicated structures as evidence that the clusters are undergoing dissolution due to the interation with the Galactic environment. The ages we find for them, larger than 1 Gyr (see next Sects), confirm this fact, since the typical lifetime for a Galactic cluster in the Milky Way is around 200 million years (Pavani & Bica 2007 , Wielen 1971 photometric data only, and that a dynamical study employing radial velocities of individual stars can more firmly asess the dynamical status of these poor systems.
COLOR MAGNITUDE DIAGRAMS OF CLUSTERS AND SURROUNDING FIELDS
In Figs. 4 and 5 we present the Color-Magnitude (CMD) and Color-Color (CCD) diagrams of the regions containing the 6 clusters under study. Only stars having photometric errors lower than 0.05 mag. in all the four filters are plotted. In a wide field as the one we used (20 arcmin on a side) none of the clusters clearly emerges from the field in the CMDs, except for Haffner 15 (upper row in Fig 6) . All the clusters are hidden inside a rich field star population. The latter shows the typical features of any stellar field projected toward the Canis Major overdensity, namely a blue plume of young stars and a prominent blue faint sequence which runs to the left of the nearby stars Main Sequence (MS) and crosses it at 16.5≤ V ≤18.5, depending on the field. These features have been described and extensively interpreted e.g. in Carraro et al. (2008 Carraro et al. ( , 2010 , to which we refer the reader for further details.
The aim of this paper instead is to derive the fundamental parameters of these 6 clusters, and for this reason we are going to extract photometry only for those stars which fall inside the cluster radius, as estimated in Section 1.5. This will have the effect of alleviating the field star contamination, which we expect to be significant since these lines of sight (see Table 1 ) are projected toward the warped thin disk (Carraro et al.2008 ).
We are not going to present any statistical cleaning of the clusters' CMD, since the number statistics in this clusters' sample is poor, and would generate artificial clumps and voids, which are difficult to be removed, and would complicate the interpretation of the diagrams. In the series of Figures 7 to 12 , we present the CMD of each cluster and two realizations of the surrounding field, with the aim to highlight the cluster against the general field. This is possible thanks to the small size of the clusters and the wide field of our observations. In each of Figs. 6 to 11, the cluster CMD (lower left panel) is constructed by considering all the stars falling inside a circle whose radius is close to the cluster radius, as estimated in Sect. 3. The corresponding area in the cluster map is shown in the upper left panel.
We then constructed CMDs for two different regions outside the cluster border, having about the same number of stars as the cluster region. In each figure the adopted radii are indicated together with the number of stars detected in each zone. In all cases the cluster region results to be significantly more populated than the corresponding field regions, which we needed to enlarge to include a comparable number of stars as in the cluster area.
Here below, we provide individual comments on a cluster by cluster basis.
Berkeley 76: see Fig 7. The CMD in the cluster region (left panel) shows a conspicous main sequence (MS) which suddendly drops at V ∼ 18.8. The bluest point is at V ∼ 19.5, which we consider as the MS turn off point (TO). Another interesting feature is the compact group of 4 stars at V ∼ 17.9, B-V ∼ 1.4, which does not have any counterpart in the field, as indicated by the red box circumscribing it. These stars are plotted as red dots in the corresponding map. Their position inside the cluster region lends further support to their identification as red clump stars members to the cluster. We are going to consider this as the cluster red giant branch (RGB) clump. We believe this set of CMDs convincingly shows that we are facing a real star cluster. We shall derive estimates of its basic parameters in the next Section.
Haffner 4: see Fig 8 . Also in this case the cluster CMD reveals a MS significantly more populated than in the field star CMDs. It is difficult to say where the TO is located, but we tentatively identify it at V ∼ 15.0, B-V ∼ 0.5. We do see a possible trace of a RGB clump in the star that we enclosed in the red box. Two redder stars can be part of the RGB as well. This star is plotted as a red dot in the corresponding map. Its position inside the cluster region lends further support to its identification as red clump star member to the cluster. We shall derive estimates of its basic parameters in the next Section.
Ruprecht 10: see Fig 9. The interpretation of Ruprecht 10 CMD is not straitghforward at all. We tentatively consider as the MS the bright sequence terminating at V ∼ 14, B-V ∼ 0.3, while the vertical sequence terminating at V ∼ 18.5 is produced by field stars, since it is visible also in the field star CMDs. Moreover, we consider as clump stars the 2 stars at V ∼ 14, B-V ∼ 1.4. These stars are plotted as red dots in the corresponding map. Their position inside the cluster region lends further support to their identification as red clump stars members to the cluster. We are going to provide estimates of the fundamental parameters in the next Section.
Haffner 7 cluster is significantly reddened. We are going to provide estimates of the fundamental parameters in the next Section.
DERIVATION OF CLUSTERS' BASIC PARAMETERS
The CMDs generated with only the cluster region (as defined in Sect. 1.5) stars are here compared with isochrones extracted from the Padova suite of models (Marigo et al. 2008) . This allows us to infer estimates of clusters age, distance and reddening, by assuming conservative values of the metallicity. We are fully aware that this process is highly subjective, and for this reason we consider the values we obtain as estimates, awaiting studies which can provide measures of the clusters' metal abundance.
In fact, we are here facing the well-known problem of associating reliable errors to distance and age. Without precise estimates of reddening and metallicity, it is extremely difficult to perform a proper error assessment. In theory this would imply a full error propagation which would in general produce a very large yper-volume in the parameters' space with many solutions which would not pass a simple by-eye inspection.
We will, therefore, limit ourselves to provide fitting errors for the cluster reddening and apparent distance moduli, being totally aware that they most probably are only rough lower limits awaiting improvements as soon as more precise metallicity measurements will be available. However, in deriving distance, a full propogation is done taking into account the whole range of values for reddening and distance modulus. Finally, as far as the ages is concerned, only fitting errors are reported, adopting solar metallicity (see below).
For consistency with previous studies we shall adopt 8.5 kpc as the Sun distance to the Galactic center, and 3.1 for the ratio of total to selective absorption RV =
, which Moitinho (2001) demonstrated to be of general validity in this Milky Way sector.
Berkeley 76: see Fig 13
The CMDs for this cluster have been derived plotting all the stars within 2.5 arcmin from the cluster center. Still the contamination is significant, and makes the exercise of fitting an isochrone quite challenging. As previsouly discussed, we consider as cluster Red Giant Branch ( If we use this interpretation of the cluster CMD, we end up with an age of about 1.5 Gyr. The over-imposed -half solar (Z=0.008) -isochrone fits also the slope and shape of the MS. The mismatch in color for the clump is of the order of ∆(B − V ) ∼ 0.08 mag, and can be due to a variety of reasons, like color tranformations and/or mixing length calibration issues (see Costa 2007, and Palmieri et al. 2002) . We also tried solar metallicity, which does not seem suitable for an outer disk cluster, and found that for a comparable age, the fit to the MS is acceptable, but the mismatch in color with the cluster clump is much more severe. For the adopted age and metallicity, Berkeley 76 has a reddening E(B-V)=0.55±0.1 (E(V-I)=0.75±0.10) and a distance modulus (m − M )V = 17.15 ± 0.20. Uncertainties in reddening and distance have been estimated by eye, shifting the isochrone along the horizontal and vertical directions, respectively, and estimating the range of values that yield acceptable fits. As a consequence, the heliocentric distance is 12.6 kpc, and the distance from the Galactic center is 17.4 kpc, making this cluster one of the most peripheral old open cluster in the outer disk (Carraro et al. 2007 ).
These results are in basic agreement with Hasegawa et al. (2008) , except for the distance. Looking at their results (their Fig 2) for Berkeley 76, one can indeed notice that the fit to the magnitude of the red clump is offset by almost half a magnitude, with the isochrone clump being too bright. This explains, in turn, the smaller distance in their study.
Haffner 4: see Fig 14. As for the previous cluster, we selected only the stars inside the cluster radius (see Table 4 ). In this case we use solar metallicity isochrones, since the cluster is presumably located closer than Berkeley 76. Haffner 4 looks scarcely populated, and severely contaminated by field stars. The best-fit isochrone is for an age of 0.5 Gyr, which nicely follows the shape of the MS and the TO curvature, at V ∼ In this case our results imply an age lower than the one suggested by Hasegawa et al. (2008) , and a solar metallicity.
Ruprecht 10: see Fig 15.
This cluster is sparse and has quite a distorted shape, which might indicate a stage of advanced disgregation. The MS and the evolved region of the CMD are scarcely populated. The TO is located at V ∼ 15.0, (B-V) ∼ 0.5, and the clump at V ∼ 14.0, (B-V) ∼ 1.25. By considering the stars within the cluster estimated radius, we obtained an acceptable fit for a half-solar metallicity isochrone of 1.1 Gyr, as shown in Fig. 8 . This fits provides a reddening E(B-V) =0.28±0.10 and a distance modulus (m-M)V =13.40±0.10. This, in turn, yields a heliocentric distance of 2.9 kpc, and a distance from the Galactic center of 10.5 kpc.
Haffner 7: see Fig 16. The TO is located at V ∼ 16.0, (B-V) ∼ 0.70, and the clump at V ∼ 14.5, (B-V) ∼ 1.5. By considering the stars within the cluster estimated radius, we obtained an acceptable fit for a half-solar metallicity isochrone of 1.5 Gyr, as shown in Fig. 8 . This fits provides a reddening E(B-V) =0.13±0.10 and a distance modulus (m-M)V =13.65±0.10. This, in turn, yields an heliocentric distance of 4.5 kpc, and a distance from the Galactic center of 11.3 kpc.
Haffner 11: see Fig 17. This cluster results to be a nice intermediate-age open cluster, with a well defined clump and not much contamination, when stars inside the cluster radius are isolated, and in agreement with all previous studies. It was quite an easy tasks to super-impose on the cluster sequence a solar metallity isochrone for an age of 800 million years, which yields a good fit in both the CMDs. From this fit we derive a reddening E(B-V)=0.35±0.05, and an apparent distance modulus Table 4 (m-M)V = 15.0±0.10. We therefore place the cluster at 6.0 kpc from the Sun, and 12.5 kpc from the Galactic center. Table 4 Figure 16. Isochrone solution for Haffner 7 in the V/B-V CMD. Fitting parameters are summarized in Table 4 The preliminary estimate of the age of Haffner 15 in Vázquez et al. (2008) was 600 million years, significantly larger than the 15 Myr reported by Paunzen et al (2006) . To solve this discrepancy we make use of a different set of diagrams. In detail, we make use first of the U-B/B-V color-color diagram, which is shown in Fig. 18 . Here the solid line is an empirical Zero Age MS (ZAMS) from Schmidt-Kaler (1982). The same Table 4 ZAMS (dashed line) is shifted by E(B-V) = 1.05 along the reddening vector (indicated by the arrow in the plot) to fit the bulk of Haffner 15 stars. As justified above, we adopted a normal reddening law, which implies RV = 3.1 and E(U-B)/E(B-V) = 0.72. To guide the eye, a few relevant spectral types are indicated, together with their displacement along the reddening path.
As a result, the cluster reddening is E(B-V)=1.05±0.25, and the large dispersion indicates the cluster suffers from significant variable reddening.
We now make use of the Q method (Strayzis 1991 ) to derive individual stars reddening, and from them compute their absolute magnitude and colors. These values are then used to build up the reddening-corrected CMDs in Fig.19 , in the (B-V)o vs Vo plane (left panel), and in the (U-B)o vs Vo plane (right panel). We super-pose to the star distribution the same empirical ZAMS used before. Here the only free parameter is the distance modulus, which turns out to be Vo − MV = 13.00 ±0.10, in both diagrams. One can better appreciate the fit in the (U-B)o vs Vo CMD, since the main sequence is more tilted in this diagram. The TO point is located at Vo ∼ 11.50 (V ∼ 14.5 ), which translates into MV = -1.50. This means that the stars leaving the MS are of approximate spectral type B2, as confirmed also by inspecting the two color diagram in Fig. 11 . As a consequence, one can estimate the cluster age to be around 10-20 million years (Marigo et al. 2008 ). 
